Transportation is one of the largest single sources of air pollution in urban areas. This paper analyzes a model of solar-powered vehicle sharing system using building-integrated photovoltaics (BIPV), resulting in a zero-emission and zero-energy mobility system for last-mile employee transportation. As a case study, an electric bicycle sharing system between a public transportation hub and a work center is modeled mathematically and optimized in order to minimize the number of pickup trips to satisfy the demand, while minimizing the total energy consumption of the system. The whole mobility system is fully powered with BIPVgenerated energy. Results show a positive energy balance in e-bike batteries and pickup vehicle batteries in the worst day of the year regarding solar radiation. Even in this worst-case scenario, we achieve reuse rates of 3.8 people per bike, using actual data. The proposed system manages PV energy using only the batteries from the electric vehicles, without requiring supportive energy storage devices. Energy requirements and PV generation have been analyzed in detail to ensure the feasibility of this approach.
Introduction
Most countries around the world are trying to reduce their total fossil-fuel consumption with the main objective of reducing their greenhouse gas (GHG) emissions, which are mainly responsible for global warming, climate change, and deterioration of air quality in cities [1] . Solar energy is an abundant source of renewable/sustainable energy, which has an enormous potential in reducing the footprint of the greenhouse gases [2] . The integration of photovoltaic systems into buildings (BIPV), as it is shown in Figure 1 , is proving to be an increasingly endorsed solution, and this is the market segment with the greatest growth potential in the photovoltaic industry [3] , replacing a significant amount of the electricity that would otherwise be generated by burning fossil fuels [4] ; BIPV will gain increasing attention of the building energy efficiency market in the twenty-first century [5] .
Nowadays, 50% of people are living in cities (reaching 69% in the European Union) and it is estimated that over 60% of the total world's population will live in urban areas by 2030 [6] , increasing the pressure in the urban environments. Bicycles can be used in urban areas to reduce air pollution, traffic congestion, noise emission, and energy consumption, allowing a personal healthier lifestyle [7] . For this reason, governments are promoting different initiatives to use bicycles as an alternative to private motor vehicles [8] . Different types of public bike sharing programs have emerged in many cities worldwide in recent years [9, 10] . Bikes are distributed in different bike stations across the city, and users can pick up a bicycle from any docking station, returning it to any other one located within the network. These systems must be managed and maintained by operators, who are responsible for monitoring the stations and moving bicycles from the most loaded stations to the emptiest ones. Usually, these operators use a diesel-powered vehicle to deliver bikes between different bike stations as it is shown in Figure 2 . This management reduces problems that arise (a) when a particular user does not find a free bike when he/she wants to use it in an empty station or (b) when he/she is not able to return the bike in a full station.
Bike sharing can be used in point-to-point trips, or it can be used combined with other transportation modes in cities, increasing the flexibility of public transport infrastructures. For example, one of the weakest points in a public transport system is the access (i.e., to reach public transport stations) and egress trips (i.e., from public transport stations to the final destination). Bikes can be used to cover these specific trips, reducing the door-to-door total travel time, making the combination of bicycle-public transport more competitive compared to private motor cars [11] . Cycling has also some disadvantages, like close passing traffic, exposure to weather conditions (heat, cold, rain, wind, etc.), difficulty to carry loads, and physical effort in hilly cities. Electric bicycles (e-bikes) are electric-powered-assisted bicycles that can International Journal of Photoenergy eliminate some of these problems, keeping all the benefits of traditional cycling. e-bike users can go further and faster with less fatigue than users on conventional ones, increasing the daily covered range [7] . This type of bicycle can be pedalled when the battery runs out. Previous works demonstrated the feasibility and the economic relevance of introducing electric vehicles in lastmile urban logistics operations [12] . In this paper, we propose an e-bike sharing mobility system fully powered by BIPV-generated energy as a last-mile transportation solution, for people to go from public transportation hubs to their final destinations. This approach has been validated with real data obtained from a pilot implementation in a large work center in Spain.
Some e-bike sharing programs have emerged in different urban environments: that is, university campuses, such as the University of Tennessee (UTK), Knoxville Campus in the US [13] and in different European cities. In these e-bike sharing systems, batteries can be directly charged when e-bikes are parked or they can be swapped for fully charged ones in the docking stations. In both cases, the charging process extracts electric energy from the grid. The gap between PV power output and vehicle charging demand is highly variable [14] . In this paper, a system has been designed to adapt the daily BIPV generation curve of a work center to charge the batteries of the electric vehicles during working hours, which are also the period of maximum PV generation, to power the mobility system. The remainder of this paper is organized as follows: Section 2 describes the case study, its characteristics, constraints, and models, including the estimation of PV generation and the energy demand of the mobility system; Section 3 describes and discusses the results of the energy-optimized system for this case study, resulting in a positive energy balance even in the worst day of the year; and finally, Section 4 summarizes the main conclusions of this work.
Case Study: Last-Mile e-Bike Sharing System for CIEMAT
As a case study, we analyze the feasibility of an electric bicycle sharing system between a public transportation hub and a research center in Madrid, Spain. This section provides a detailed analysis of this case, its constraints, and the estimation models for PV generation and total energy consumption of the mobility system. [15] . In Figure 3 , spatial distribution of Spain cities is depicted against a backdrop of irradiation and PV theoretical energy.
The Moncloa Campus is situated in the west side of Madrid, covering an area of 2 square kilometers, and it is linked to the rest of the city public transport network by a single underground station called Ciudad Universitaria (line 6) [15] , shown in Figure 4 . The distance between CIEMAT offices and the nearest underground station is 1.1 km in straight and slightly sloping line.
Expected Solar Energy Generation.
To estimate PV generation, we use the online calculator from Photovoltaic Geographical Information System (PVGIS) [16] .
CIEMAT research centers are distributed in more than 70 different buildings in Moncloa Campus. Among them, CIEMAT building 42, which is the headquarters of the Renewable Energies Division, has recently installed a peak power of 27.2 kWp of photovoltaic (PV) cells in the BIPV facades, occupying a total surface area of 176 m 2 [3] . These PV modules are integrated in the upper areas of the east, south, and west facades with 90°angle of inclination. There are 42 crystalline silicon modules installed in the east facade (13.7 kWp), 28 modules installed in the south facade (8.5 kWp), and 16 modules installed in the west facade (4.9 kWp). This west PV subsystem is not considered in this work. The schematic of the BIPV modules installed in the south and east facades is shown in Figure 5 .
In order to estimate the solar electricity production of this PV, in a similar way to [17] , we need to first answer the following questions: What is the relation of irradiation values to the power load on a daily basis, and how should BIPV be integrated in the e-bike sharing power system? Table 1 presents the average daily electricity production (Ed) and the average monthly electricity production (Em), also in kWh, for the east and south facades. It is observed that the estimated annual energy generated by this PV system is 17.88 MWh/year, assuming an estimated loss due to temperature and low irradiance of 10.5%, using local ambient temperature, an estimated loss due to angular reflectance effects of 5.3%, and other losses (cables, inverters, etc.) of 14%.
The worst months for PV generation, due to the low daily irradiance, are December and January [16] shown in Figure 6 . The estimated solar energy generated by the PV panels located at CIEMAT building 42 during a single day in December is presented in Figure 7 . [7] , it has been pointed out that the rush hours are between from 7:00 to 10:00 in the morning and from 16:00 to 19:00 in the afternoon, and around 8% of the staff (95 people) would be interested in participating in the proposed eco-mobility program.
Modeling and Predicting the Energy
Analyzing the underground timetable for line 6, the interval between two consecutive trains from 7:00 to 10:00 is 4 minutes. Taking into account the arrival time information extracted from those surveys, it is assumed that CIE-MAT employees will arrive according to the probability density distribution shown in Figure 8 , which resembles a Poisson distribution and matches the real observed mobility behavior. Most people arrive to work early (from 7:08 to 8:20) , and then there is a long tail showing employees who arrive to work later. A similar probability density function is used for the afternoon return trips.
Evaluating the Optimal Number of e-Bikes and Electric
Vehicles to Fulfill the Mobility Constraints. As aforementioned, the distance between the underground station and CIEMAT headquarters is 1.1 km. e-bikes are initially locked in the bike station located outside the underground station. During the morning trips, subscribers will release the e-bikes from this dock station and will return it over an empty dock station located at the CIEMAT.
Assuming an average speed of 15-20 km/hour per e-bike [18], the average time to unlock the e-bike, ride, travel, and finally lock it back at the CIEMAT dock station is around 6 minutes.
As soon as the underground bike station empties and the CIEMAT bike station fills up, an electric pickup truck will tow back these e-bikes to the initial station. The estimated time for this shuttle and swapping operation is around 3.75 minutes (see Figure 9 ). It is assumed 4 minutes for the whole operation of this pickup electric vehicle (EV), International Journal of Photoenergy including loading and unloading e-bikes, which is based on actual measurements. In a single hour, only 60/4 = 15 trips can be performed by this EV towing the e-bikes between these two locations. This is the upper-bound limiting factor of the whole e-bike sharing system.
2.3.3.
Estimation of e-Bike Sharing System Energy Demand.
(1) Estimation of e-Bike Energy Consumption. The electric motor used is a 250 W brushless synchronous motor embedded into the rear wheel hub. The main electric specifications of the e-bike are presented in Table 2 . Total average monthly electricity production Average monthly electricity production south facade Average monthly electricity production east facade Figure 6 : Average monthly expected electricity production.
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To estimate the e-bike average consumption, two different tests were performed. Firstly, different users rode an e-bike during 3 months around the CIEMAT headquarters, measuring travelled distance, average vehicle speed, travel time, and energy consumed. From this data, energy consumption per kilometer was evaluated. Table 3 summarizes this information.
A second test was performed over the real route between the underground station and CIEMAT headquarters. Two different users, with very different weight (122 kg versus 75 kg), travelled across this route at the same time, riding two e-bikes. Table 4 shows the energy consumption in this situation. The energy consumption per kilometer and energy consumption per kilometer and kilogram were derived from this data. Taking into account these results, a conservative 7.7 Wh/km was used in this work.
(2) Estimation of the Towing Electric Vehicle. The EV considered in this analysis is the pickup vehicle Nissan e-NV200 with the same electric propulsion system with Nissan Leaf. This car is 100% EV powered by AC synchronous motor 80 kW-280 Nm, with a 24 kWh laminated lithium-ion battery. Its range is 170 km when tested according to the New European Driving Cycle (NEDC), which corresponds to 0.165 kWh/km [19] . According to different real field tests [20] , the average real consumption for this vehicle in this study has been selected to 0.18 kWh/km.
2.4.
Determining the Mobility Requirements. The objective of the designed mobility system is to satisfy the demand of CIE-MAT employees between the underground station and work site in the morning and afternoon, minimizing the number of trips performed by the pickup EV trailer, defined by (1) .The optimization problem is defined as a mixed integer linear programming problem given by (1)- (9) . Table 5 presents the optimization model parameters with their associated value ranges. Table 6 shows integer variables used in the optimization model with their associated limits. In order to clarify the notation, underground station will be labeled as A, whereas the CIEMAT station will be labeled as B.
min 〠 t dk AB t + dk BA t , 1 subject to
Equation (1) defines the objective function to be minimized by the optimization algorithm. This equation evaluates International Journal of Photoenergy the number of trips performed by the pickup EV between both nodes (from A to B) along the day at each time slot (given by dk AB t + dk BA t ). Remember that these trips are done to maintain the balance of the e-bike fleet parked at each docking station. Energy required for e-bikes depends only on the demand, and there is no way to reduce it. The remaining energy requirements come from the pickup trips required to satisfy the demand with a certain number of e-bikes, which can be minimized. Equations (2) and (3) define the general balance of the number of e-bikes in each docking station at each time slot. During the charging time interval (10:00 to 16:00), the e-bikes are charging in B. In normal operation, in (2), the number of e-bikes at A at time slot t, denoted by nb A t , is equal to the number of e-bikes parked at this station in the previous time slot, nb A t − 1 , minus the number of e-bikes used by the demand to travel from the A to B, denoted by D AB t , adding the number of e-bikes which departed from B previously, at t = t − ΔT BA AEB , denoted by D BA t − ΔT BA AEB , minus the number of e-bikes transported by the pickup EV from A to B, denoted by Cb AB t , and adding the number of e-bikes transported by the pickup EV from the B to the A, which departed at t = t − ΔT BA K . During the morning, the employees' demand to travel, using their e-bikes from CIEMAT to the underground station, D BA t , will be zero, and also the number of e-bikes transported by the pickup trailer from the underground dock station to CIEMAT one, Cb AB t , will be zero. During the afternoon trips, this behavior is reversed; therefore, D AB t and Cb BA t will be zero. The same procedure has been applied in (3) .
Equations (4) and (5) model the behavior of the pickup EV in each docking station at each time slot.
Restrictions (6) and (7) limit the maximum number of e-bikes that can be transported in each pickup-EV trip from A to B and reversed. Equations (8) and (9) present the continuity equations for each e-bike movement.
IBM ILOG CPLEX Optimization Studio v. 12.5.1.0 was used for solving the defined optimization problem, and MATLAB® was later used for analyzing and plotting the results.
Results and Discussion

Mobility.
It is assumed that a single pickup EV was used in this system. The optimal number of e-bikes in this fleet is then evaluated running the optimization model and checking its convergence. If a feasible solution is not obtained, the number of e-bikes is increased in one until convergence is reached.
With this procedure, the minimum number of e-bikes in the fleet that can fulfill the mobility requirements was fixed to 25, as it is presented in Table 5 .
Once the minimum number of pickup EV and e-bikes were set in the sharing system, the optimization algorithm was run to determine the minimum number of trips from pickup EV required to balance the e-bike fleet. This value was 28 during each demand period (28 in the morning trips and 28 more in the afternoon).
The optimization model also determines the optimal moment to transport the e-bikes from CIEMAT dock station to the underground station, avoiding e-bike scarcity in this last dock station, and the exact number of bikes moved in each trips (it is an integer variable between 1 and 5). It is important to notice that at the end of the morning, all e-bikes and the pickup EV are located at the CIEMAT in order to be recharged before the afternoon trips.
Energy
Demanded by the e-Bike Sharing System. In a similar way, controlling charging and discharging of lead-acid batteries is critical to extend the lifetime of microgrid systems [21] ; our work has taken into account the optimum management of the state of charge (SOC) for lithium-polymer From the previous mobility analysis, it is observed that during the morning period (from 7:00 to 10:00), the total number of e-bike trips is 95. The energy required per bike during this period is 8.459 Wh/e-bike, and the energy demanded by the e-bike fleet during the morning period will be 803.605 Wh. The total energy demanded by the e-bike fleet for the full day will be 1607.21 Wh.
The total number of trips by pick up EV trailer during the morning period is 28, consuming 5.544 kWh. The total energy demanded by the EV trailer for the full day will be 11.088 kWh, and the total amount of energy required by the proposed e-bike sharing system (e-bikes plus EV trailer) will be 12.7 kWh/day. Table 7 summarizes all energy mobility requirement of the proposed system.
There is a charging station located outside CIEMAT building 42, which is connected to the PV panels through three 10 kW single-phase MPPT inverters. This charging station is composed by an AC level 2 charging point, which operates at 3.7 kW (230 V/240 V-16 A) to charge the pickup EV trailer and 25 Schuko plugs type F (also known as CEE 7/4) protected by 5 single-pole 6A 230/240 V, 50 Hz, circuit breaker to charge the e-bikes.
The complete e-bike sharing system will be recharged during the midday period (10:00 to 16:00), when all CIEMAT employees are working and there is no demand for trips. At the beginning of the day, all e-bikes are parked at the underground docking station and the EV trailer is empty and parked at CIEMAT. It is assumed that the initial capacity of the e-bikes is 1 kWh (11.11% of the total e-bike capacity), and the initial capacity of the EV trailer is 8 kWh (33.33% of the EV trailer battery capacity). The solar resource is not available early in the morning; therefore, it is necessary to have energy in the batteries of the pickup and e-bikes to be able to perform the first morning trips. With these assumptions, we prove that, even in the worst day of the year, the remaining energy at the end of the day is even higher.
As soon as the employees start to arrive in the morning, they pick up an e-bike from the docking station, returning it to the EV trailer in the CIEMAT headquarters. When the EV trailer is full, this vehicle will carry back the e-bikes to the docking station located near the metro station. During these trips, all vehicles involved in this sharing system (EV trailer and e-bikes) will spend energy. Figure 10 shows the e-bike sharing system hourly energy consumption for a sample day.
The worst months for PV generation, due to the daily low irradiance are December and January [16] . The estimated solar energy generated by the PV panels located at CIEMAT building 42 during a single day in December is presented in Figure 11 . In this figure, negative blue bars represent the total sharing system hourly energy consumption and the positive estimated solar generation is shown in red and yellow bars. e-bike sharing system will be recharged during the remainder period between 10:00 and 16:00 (highlighted with yellow bars). Figure 9 : e-bike sharing system mobility description. Figure 12 represents the charging process along the day. The EV trailer is charged using a level 1230 V-16 A charging station, absorbing 3.7 kWh during each hour. The rest of available energy generation is used to charge e-bike fleet. It is observed that the EV trailer is charged during the first 5 hours (from 10:00 to 14:00), and when the solar generation falls below 3.7 kW, the remaining generation capacity is only used to charge the e-bike fleet. Although from 16:00 there is still solar generation capacity available, the system interrupts the charging process because the employees are starting to come back home using this mobility system again.To get an idea of the evolution of the state of charge of the electric vehicle battery, we use the state of charge (SOC) metric [21] . Since in our case we decide to idealize the efficiencies of the electric power elements of the system, we use a simplified definition of the SOC function.
SOC =
Ah int − Ah consum Ah rate 10
Ah int is the initial battery charging state. Ah consum is the consumption of the battery. Ah rate is the battery rating. Figure 13 shows the battery state of charge of the pickup EV along the day. At the beginning of the day, the initial SOC is 33.3%, corresponding to 8 kWh. As soon as the employees start to arrive to the underground station in the morning, the pickup EV must tow the e-bikes between both locations, consuming energy. This consumption is observed from 7:00 to 10:00. Once all employees are working, the pickup EV is Initial number of e-bikes in the docking station A at 7:00 am 25 NB B0 Initial number of e-bikes located at B at 7:00 am 0 NK TOT Total number of pick-up EV available in the system 1 NK A0
Number of pick-up EV located at A at 7:00 am 0 NK B0 Number of pick-up EV located at B at 7:00 am 1 P A e-bikes parking slots in A 25 P B e-bikes parking slots in B 25 During the afternoon, the employees return to their homes, using this e-bike sharing system to reach again the underground station. One more time, the pickup EV will spend energy during this period (until 19:00), reaching a final SOC of 64.22% (15.4 kWh). This energy will be the initial SOC for the next day, assuming that the battery selfdischarging rate is negligible. Figure 14 shows the battery state of charge (SOC) of the e-bike fleet along the day. At the beginning of the day, the initial SOC is 11.11%, corresponding to 1 kWh. This consumption is observed from 7:00 to 10:00. Once all employees are working, the e-bike fleet is charged for 5 hours at CIEMAT building 42. The SOC is linearly increased reaching 100% (9 kWh) at 15:00. During the afternoon, the employees return to their homes, using this e-bike sharing system to reach again the underground station. One more time, the e-bike fleet will spend energy during this period (until 19:00), reaching a final SOC of 91.07% (8.2 kWh). This energy will be the initial SOC for the next day, assuming that the battery selfdischarging rate is negligible.
Conclusions
This study concludes that photovoltaics have a huge potential to satisfy the energy demand of mobility systems for last-mile employee transportation. The proposed system manages PV energy using only the batteries from the electric vehicles, without requiring any supportive energy storage device.
Taking advantage of the existence of a buildingintegrated PV system currently available at the workplace, we have analyzed and optimized an e-bike sharing system fully powered by solar energy, providing a zero CO 2 emission and zero grid electricity consumption system. To determine the total daily electric demand of the e-bike sharing system, different tests were performed over real e-bike models, evaluating the e-bike consumption under several conditions. From the daily mobility requirements of several employees (traveling from the nearest public underground station to their common workplace), an optimization model was designed to size this e-bike sharing system, determining the optimal number of e-bikes and the minimum number of trips required by the pickup EV to keep the balance of e-bikes in both dock stations. In addition, the pickup EV consumption was estimated based on real consumption information. Total e-bike sharing system hourly demand Solar energy hourly estimated generation Solar energy available for charging Available charging period Figure 11 : Total e-bike sharing system energy demand versus solar energy available for charging. Pickup EV hourly energy charged e-bike eet hourly energy charged Solar energy available for charging Figure 12 : Charging process of the e-bike sharing system. International Journal of Photoenergy Related to PV generation, monthly and daily PV electricity production was estimated based on accurate solar radiation data, tilt and orientation data of the PV modules installed in each facade, and the inverter and solar module datasheets.
With all this information, it has been demonstrated that it is completely feasible to design a zero-emission e-bike sharing system to solve the last-mile problem, completing the public transport system. This healthy solution will also allow reducing the GHG emissions in urban areas.
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